Introduction
There is a high level of evidence, that intravenous iron (IVI) is an effective treatment of pre-operative anaemia [1, 2] . In cardiothoracic surgery, however, pre-operative treatment is often not feasible due to logistics or emergencies, while bleeding and major surgery leads to iron deficiency. Thus, post-operative anaemia treatment on the intensive care unit (ICU) has to be elucidated, but special circumstances are challenging: a) labile iron enhances oxidative stress, b) free iron and transferrin-bound iron are known to enhance infections [3] , c) the bone marrow is suppressed by inflammatory cytokines, d) the bone marrow is less responsive to erythropoietin and e) major surgery can be followed by a systemic inflammatory reaction (SIRS). SIRS does not necessarily lead to specific infections (i.e. pneumonia or wound infections), but induces hepcidin, the main regulator of systemic iron homeostasis. Hepcidin degrades ferroportin, the iron exporter of the body, which impairs intestinal iron absorption and traps iron within body iron stores [4, 5] . Iron-restricted erythropoiesis is frequent on the ICU and correlates with the need for RBC transfusions [6] . RBCs increase inflammation and have known, common side effects that may be caused by delivery of free and transferrin-bound iron [7] . Recent trials have shown increased haemoglobin (Hb) levels after the use of post-operative IVI in patients after elective major orthopaedic surgery as well as abdominal and genitourinary surgery [8] and in internal medicine and surgical ICU patients [9] . In patients undergoing cardiac surgery, however, the use of postoperative IVI has yet to be investigated.
In the present study, we determined the prevalence of post-operative anaemia in 1,265 patients on five ICUs of the Department of Anaesthesia, Intensive Care and Pain Medicine at Münster Uni-
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versity Hospital, with the majority of patients undergoing cardiothoracic surgery. On one of the two cardiothoracic ICUs, post-operative iron-deficiency anaemia was treated with iron carboxymaltose. The aim was to determine the effect of IVI on Hb levels, the use of blood transfusions and diagnoses related to infections.
Material and Methods
A study on the implementation of patient blood management (PBM) and treatment of anaemia in four German University Hospitals was registered at clinicaltrial.gov NCT01820949. The present study was one part of the PBM implementation at Münster University Hospital. The results of the PBM implementation in four German University Hospitals were published in 2016 [10] .
As the IVI substitution could not be started within the whole hospital at the same time, one ICU was given the pioneering task, and thus a comparison was possible. For post-operative anaemia treatment, the Ethical Committee was consulted prior to the observational pilot study at a single centre (Münster University Hospital) (Ethical Committee vote number 2013-217-b-S) and waived an informed patient's consent. Nevertheless, patients or their authorized representatives gave an informed consent on ferric carboxymaltose supplementation on the ICU.
Data Collection
From April 1, to December 31, 2014, 1,265 patients, who were admitted post-operatively or as an emergency case to one of the five peri-operative ICUs, were screened for anaemia (Hb < 12 and /13 g/dl for women and men respectively) and severe anaemia Hb < 8 g/dl) (supplemental fig. 1 , available at http:// content.karger.com/ProdukteDB/produkte.asp?doi=481143). The iron status (serum iron levels, ferritin, transferrin, transferrin saturation) of anaemic patients was determined within 24 h upon arrival on the 'ICU 1'. Iron deficiency was defined as Hb levels below 12 g/dl for women and below 13 g/dl for men as well as transferrin saturation below 20% and ferritin levels below 400 μg/l. Upon diagnosis of iron deficiency anaemia, contraindications were evaluated according to supplemental table 1 (available at http://content.karger.com/ ProdukteDB/produkte.asp?doi=481143). If indicated, 500 mg of IV ferric carboxymaltose were administered [11] .
On 'ICUs 2-5', patients were treated according to the standard procedure: anaemia was treated with RBC transfusions if required, the iron status was not regularly determined, and IVI was supplemented rarely.
With the implementation of PBM at Münster University Hospital, transfusions were indicated in accordance with the German guideline for transfusions [12] . Transfusion triggers were Hb levels between 6 and 8 g/dl. The transfusion trigger used on the ICUs at average in all patients was 7.1 g/dl Hb.
Hb levels, C-reactive protein, white blood cells, number of RBCs, transfusion triggers, documented infection and antibiotic treatment were retrospectively analysed.
Patients (ICU 1 and 2) treated with IVI were matched 1: 2 to patients without IVI treatment (see supplemental table 2, available at http://content.karger. com/ProdukteDB/produkte.asp?doi=481143).
These matched patients were patients from the cohort of the 60 patients, who were eligible, but not enrolled in the study and from eligible, but not treated controls from ICUs 2-5. 
Statistical Analysis

Results
Patients' Characteristics
Of the 1,265 patients screened for anaemia upon admission to the ICU, 68.3% were male and 31.7% female. The mean age of pa- 
Prevalence of Anaemia
At admission, 86.2% of patients (1,090/1,265) were anaemic (87.3% and 83.8% of men and women respectively) ( fig. 1A, B) . The mean Hb level was 10.7 ± 1.7 g/dl in all patients. 4.6% of men and 4.7% of women presented with severe anaemia, 46.5% of men and 61.8% of women were moderately anaemic, and mild anaemia was diagnosed in 36.1% of men and 17.2% of women. Only 12.7% of men and 16.2% of women had no anaemia.
Iron Deficiency Anaemia and IVI Substitution
On ICU 1, 429 patients were screened for iron deficiency anaemia and IVI substitution. N = 262 (61%) presented with contraindications to ferric carboxymaltose supplementation ( fig. 1C ). About one-quarter (n = 92 (21%)) had an infection, 40% had other contraindications, and 72 patients (17%) were not treated as they stayed less than 24 h on the ICU. Therefore, n = 95 patients (n = 64 male, n = 31 female) had anaemia without contraindications for IVI supplementation. In order to substitute IV ferric carboxymaltose, the iron status had to be determined. In 35 of 95 patients, IV ferric carboxymaltose was given. The remaining 60 patients were not treated due to incomplete or missing iron status or other medical priorities of the physician on call. No adverse reaction was observed to IV ferric carboxymaltose. The iron status was within similar ranges in patients treated with IVI and in the non-IVI -treated matched pairs (supplemental 
Effect of IV Iron on Hb Levels and the Need for RBC Transfusions
All patients (n = 61), who were still in hospital at day 7 presented a median increase of 0.4 g/dl Hb (IQR: -0.2 to 1.2). N = 26 patients treated with IV ferric carboxymaltose were matched to n = 52 non-treated anaemic patients ( fig. 1D ). In the subgroup of patients without RBC transfusion, IVI was associated with a median Hb increase of +0.4 g/dl (IQR -0.9 to 1.2 g/dl, n = 11) versus -0.1 g/dl (IQR: -0.5 to 0.7, n = 29) in the control group after 7 days.
After 14 days, patients without RBC transfusion showed an increase of their median Hb level by 0.6 g/dl when treated with IVI (n = 2) compared to 0.5 g/dl without IVI (n = 4). In the IVI group, 0.5 ± 0.7 RBCs/patient were transfused. Nine of 26 patients (35%) received a transfusion (average 1.3 RBCs/patient). In the control group, 0.6 ± 0.9 RBCs/patient were transfused, and 15 of 52 patients (29%) received a transfusion (average 1.9 RBCs/patient) (supplemental fig. 3 , available at http://content.karger.com/ProdukteDB/produkte.asp?doi=481143). In the control group 93% (14 of 15 patients) of the patients received a so-called 'doublet-transfusion', which means two RBCs transfused in a row. In the IVI group there were only 3 of 9 patients (33%) with doublet transfusion. The remaining patients received one single RBC at a time.
Effect of IVI Treatment on Clinically Apparent Infections
As iron may enhance infections, the clinical records of the 78 patients (IVI treatment plus matched pairs) were analysed for documented infections. Between days 0 and 14 after IVI, 6 of 26 patients (23%) suffered from infections,, whereas in the control group 14 of 52 patients (27%) of the controls showed signs of infection (supplemental fig. 4 , available at http://content.karger.com/ProdukteDB/ produkte.asp?doi=481143). The mean onset time of an infection was 5 ± 3 days after IVI in all 78 patients. The counts of white blood cells (WBCs) and C-reactive protein (CRP) did not indicate a difference between both groups (supplemental fig. 5 , available at http://content.karger.com/ProdukteDB/produkte.asp?doi=481143).
Discussion
Post-operative anaemia treatment is a challenge. In this observational study, post-operative anaemia was present in 86.2% of 1,265 mainly cardiothoracic ICU patients. When checked for iron deficiency, about one-quarter of patients was eligible for treatment with IVI. Two-thirds (61%) presented contraindications or stayed less than 24 h at the ICU, one-third of patients suffered from anaemia of chronic disease. Of the patients eligible for IVI, only onethird of patients received IVI. This result indicated that in ICUs physicians have to set other medical priorities and first have to apply life-saving treatments than to deal with iron deficiency.
Due to the retrospective, observational design, the current study has some limitations. The anaemia prevalence was determined on the five ICUs of the Department of Anaesthesia, Intensive Care and Pain Medicine of Münster University Hospital with their typical variety of patients. IVI treatment and major matching patients were both predominantly found in the ICU for cardiothoracic patients. A second point that has to be considered is the acute phase reaction after cardiothoracic surgery that led to the exclusion criteria prior to IVI administration as stated in the 'Material and Methods' section. As only a low number of patients could receive IVI, the results of the study have to be interpreted with caution and will have to be verified by a randomized controlled trial.
The prevalence of pre-operative anaemia was determined with 30% in patients undergoing various types of surgery in the European Outcome Studies (EUSOS) [13] . In 2011, Hung et al. [14] investigated the prevalence of anaemia in patients undergoing cardiac surgery in 2008 and 2009 in a single centre in the UK. They determined a very high anaemia prevalence of 54.4% (of 2,688 patients). The reason for the high prevalence had yet to be elucidated. In 2016, the first Cardiothoracic Anaesthetists national audit was performed in the UK. Data on anaemia and transfusion was analysed from 19,033 patients operated on in 12 cardiac surgical centres between 2010 and 2012 [15] . At average, the anaemia preva-lence was 31%, but centre-specific prevalences varied from 23 to 45%. Anaemia was associated with older patients, diabetes and surgical risk (Euro-SCORE). Patients with anaemia were twice as likely to die after cardiac surgery, and mortality was linked to severity of pre-operative anaemia and gender [15] .
Major surgery, such as cardiothoracic or neurosurgery, may lead to a dysregulation of systemic iron homeostasis. We (data not published) and others [16] have measured serum hepcidin levels in some of these patients. Hepcidin induction increases after major surgery to values of 2,000-8,000 μg/dl, while pre-operative values were around 480 μg/dl. Hepcidin, in turn, binds to and degrades ferroportin, the sole iron absorption channel in vertebrates. As a consequence, iron cannot be absorbed in the intestine and remains trapped within iron storage sites such as hepatocytes or macrophages [4] . The days after surgery, hepcidin decreases again, and iron is available. Therefore, iron may be available and used for erythropoiesis and may explain the similar Hb increases of 0.6 g/dl and 0.5 g/dl after 14 days in the non-transfused cohort of patients treated either with or without IVI.
In this analysis, a difference of change in the Hb level of 0.5 g/dl was observed in IVI treated compared to non-treated matched pairs within 7 days. This increase was not significant, most probably due to the low number of cases. The number of transfused RBCs was not different within the groups. When correctly applied, IVI was found safe and did not increase inflammatory parameters or diagnoses related to infections. These data are in line with the recently published results of the IRONMAN trial [9] reporting a difference of 0.7 g/dl in Hb after 15-18 days. In an RCT including orthopaedic and general surgery patients, Khalafallah et. al. [8] observed a mean difference of 0.78 g/dl Hb with and without IV iron treatment after 4 weeks.
Conclusion
Further randomized controlled trials are necessary to clarify if cardiothoracic patients respond well to IV iron.
